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Flavor Physics with light quarks and leptons 

Gino Isidori 

/A/FA/, Laboratori Nazionali di Frascati, Via E. Fermi 40, 1-00044 Frascati, Italy 



The impact of rare K decays and lepton-flavor violating processes in shedding Hght on physics beyond the 
Standard Model is reviewd. To this purpose, I first recall the formulation of the Minimal Flavor Violation 
hypothesis -both in the quark and in the lepton sector- and then use it as guiding principle in comparing 
the new-physics sensitivity of different rare processes. On the phenomenological side, the discussion is focused 
mainly on the impact oi K ^ nuu, fi — > ey, and lepton-flavor universality tests with K(2 and 77^2 decays. 
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1. introduction 

Despite the great phenomenological success of the 
Standard Model (SM), it is natural to consider this 
theory only as the low-energy limit of a more general 
model. More precisely, the SM Lagrangian can be re- 
garded as the renormalizable part of an effective field 
theory (EFT), valid up to some still undetermined 
cut-off scale A (A > Mw)- Since the SM is renor- 
malizable, we have no clear clues about the value of 
A; however, theoretical arguments based on a natu- 
ral solution of the hierarchy problem suggest that A 
should not exceed a few TeV. A key experimental test 
of this hypothesis will soon be performed at the LHC, 
with the direct exploration of the TeV energy scale. 

The direct search for new degrees of freedom at the 
TeV scale (the so called high- energy frontier) is not 
the only tool at our disposal to shed light on physics 
beyond the SM. A complementary and equally im- 
portant source of information about the underlying 
theory is provided by high-precision low-energy ex- 
periments (the so called high-intensity frontier) . The 
latter are particularly interesting in determining the 
symmetry properties of the new degrees of freedom. 
As I will discuss in this talk, flavor-changing neutral- 
current (FCNC) transitions in K and /i decays, and 
lepton-flavor (LF) universality tests in Ke2 and 1:12 de- 
cays, offer a unique opportunity to study the flavour 
structure of physics beyond the SM. 



1.1. The flavor problem 

As long as we are interested only in low-energy ex- 
periments, the EFT approach to physics beyond the 
SM is particularly useful. It allows us to analyse 
all realistic extensions of the model in terms of few 
unknown parameters (the coefficients of the higher- 
dimensional operators suppressed by inverse powers 
of A) and to compare the new-physics (NP) sensitiv- 
ity of different low-energy observables. 

The non-renormalizable operators should naturally 
induce large effects in processes which are not me- 
diated by tree-level SM amplitudes, such as FCNC 
processes. Up to now there is no evidence of these 
effects and this implies severe bounds on the effec- 



tive scale of dimension-six FCNC operators. For in- 
stance, the good agreement between SM expectations 
and experimental determinations of K'^-K'^ mixing 
leads to bounds above 10'' TeV for the effective scale of 
AS' = 2 operators, i.e. well above the few TeV range 
suggested by the Higgs sector. Similar bounds are 
obtained for the scale of LF-violating operators con- 
tributing to FCNC transitions in the lepton sector, 
such as /i ^ 67. 

The apparent contradiction between these two de- 
terminations of A is a manifestation of what in 
many specific frameworks (supersymmetry, techin- 
colour, etc.) goes under the name of flavor problem: 
if we insist with the theoretical prejudice that new 
physics has to emerge in the TeV region, we have to 
conclude that the new theory possesses a highly non- 
generic flavor structure. Interestingly enough, this 
structure has not been clearly identified yet, mainly 
because the SM, i.e. the low-energy limit of the new 
theory, doesn't possess an exact flavor symmetry. 

The most reasonable (but also most pessimistic) so- 
lution to the flavor problem is the so-called Minimal 
Flavor Violation (MFV) hypothesis Un- 
der this assumption, which will be discussed in detail 
in the next sections, flavor-violating interactions are 
linked to the known structure of Yukawa couplings 
also beyond the SM. As a result, non-standard contri- 
butions in FCNC transitions turn out to suppressed to 
a level consistent with experiments even for A ~ few 
TeV. 

On the most interesting aspects of the MFV hy- 
pothesis is the possibility to formulate it within the 
;eneral EFT approach to physics beyond the SM 
The effective theories based on this symmetry 
principle allow us to establish unambiguous correla- 
tions among NP effects in different FCNC transitions. 
These falsifiable predictions are the key ingredient to 
identify in a model-independent way which are the ir- 
reducible sources of breaking of the flavor symmetry. 



2. MFV in the quark sector 

The pure gauge sector of the SM is invariant un- 
der a large symmetry group of flavor transformations: 
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Gf = SU(3)3 SU(3)^ ® ^7(l)^ where SU(3)3 = 
SU(3)q^ (»SU(3)c/^ ®SU(3)i,^ , SU(3)| = SU(3)l^ ® 
SU(3)£;^ and three of the five U{\) charges can be 
identified with baryon number, lepton number and 
hypercharge This large group and, particularly 

the SU(3) subgroups controlling fiavor-changing tran- 
sitions, is explicitly broken by the Yukawa interaction 

Cy^QlYdDrH + QlYuUrH^ + LlYeErH + h.c. 

, (1) 

Since Gj^ is broken already within the SM, it would 
not be consistent to impose it as an exact symmetry 
of the additional degrees of freedom present in SM ex- 
tensions: even if absent a the tree-level, the breaking 
of Gf would reappear at the quantum level because of 
the Yukawa interaction. The most restrictive hypoth- 
esis we can make to protect the breaking of G^? in a 
consistent way, is to assume that Yd, Yjj and Ye are 
the only source of Gj^-breaking also beyond the SM. 

To implement and interpret this hypothesis in a nat- 
ural way, we can assume that Gj- is indeed a good 
symmetry, promoting the Y to be dynamical fields 
with non-trivial transformation properties under Gp: 

Yu ^ (3, 3, l)su(3)3 , Yd ^ (3, 1, 3)su(3)3 , 
i"i=;-^(3,3)su(3)- (2) 

If the breaking oiGp occurs at very high energy scales 
-well above the TeV region where the we expect new 
degrees- at low-energies we would only be sensitive 
to the background values of the Y , i.e. to the ordi- 
nary SM Yukawa couplings. Employing the EFT lan- 
guage, we then define that an effective theory satisfies 
the criterion of Minimal Flavor Violation if all higher- 
dimensional operators, constructed from SM and Y 
fields, are (formally) invariant under the flavor group 
Gf 0. 

According to this criterion, one should in principle 
consider operators with arbitrary powers of the (adi- 
mensional) Yukawa fields. However, a strong simplifi- 
cation arises by the observation that all the eigenval- 
ues of the Yukawa matrices are small, but for the top 
one, and that the off-diagonal elements of the CKM 
matrix {Vij) are very suppressed. It is then easy to 
realize that, similarly to the pure SM case, the lead- 
ing coupling ruling all FCNC transitions with external 
down- type quarks is: 

(\ \ \ [yuYi] ^ XlVi^V^i, z^j, 
I 1^3 . 

(3) 

As a result, within this framework the bounds on the 
scale of dimension-six FCNC effective operators turn 
out to be in the few TEV range (see Ref. for up- 
dated values). Moreover, the flavour structure of (|3J) 
implies a well-defined link among possible deviations 
from the SM in FCNC transitions of the type s ^ d, 
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short-distance 


irreducible 


SM BR 


Channel 


contribution 


th. error on 


(central 




(rate %) 


s.d. contrib. 


value) 


Kl 'k'^vv 


> 99% 


~ 1% 


3 X 10"" 


K+ -> Tl+VV 


88% 


-3% 


8 X 10"" 


Kl 7r°e+e- 


38% 


~ 15% 


3.5 X 10"" 


Kl -> ttV+M" 


28% 


~ 30% 


1.5 X 10"" 



Table I Summary of the short-distance sensitivity of the 
four most-interesting rare K decays. The second column 
denotes the contribution to the total rate determined by 
electroweak dynamics (top-quark loops). The third 
column indicates the irreducible (non-parametric) error 
on the short-distance amplitude, as extracted from the 
corresponding rate measurement (in the limit of 
negligible exp. error). 



b ^ d, and b s} 

The idea that the CKM matrix rules the strength 
of FCNC transitions also beyond the SM has become 
a very popular concept in the recent literature and 
has been implemented and discussed in several works 
(see e.g. Ref. 4]). However, it is worth stressing that 
the CKM matrix represent only one part of the prob- 
lem: a key role in determining the structure of FC- 
NCs is also played by quark masses (via the GIM 
mechanism), or by the Yukawa eigenvalues. In this 
respect the above MFV criterion provides the maxi- 
mal protection of FCNCs (or the minimal violation of 
flavor symmetry), since the full structure of Yukawa 
matrices is preserved. We finally emphasize that, con- 
trary to other approaches, the above MFV criterion is 
based on a renormalization-group-invariant symmetry 
argument, which is independent from the specific new- 
physics framework. 



3. Rare K decays 

In the kaon sector is often difficult to control long- 
distance effects to a level sufficient to perform pre- 
cise test of short-distance dynamics. This happens in 
the four golden modes Kl -k^vv, tt~^i/D, 
Kl Tr'^e+e", and Kl —> 7r'^/i"*'/x~, which represent 
a unique window on s —>■ d FCNC transitions. As 
shown in Table the theoretical cleanness of these 
four modes is not the same. The two neutrino chan- 
nels are exceptionally clean: their decay rates can be 
computed to a degree of precision not matched by any 
other FCNC process in the B and K systems @. 



^ Within the MFV framework, these three types of FCNC 
processes are the only quark-level transitions where observable 
deviations from the SM are expected. 
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Figure 1: Regions in the - plane (lightest stop 
and chargino masses) allowing enhancements of 
B{K^ — > n'^vv') of more than 11% (yellow/light gray), 
8.5% (red/medium gray) and 6% (blue/dark gray) in the 
MFV-MSSM scenario m\, for tan/3 = 2 and 
Mu+ > 1 TeV [the corresponding enhancements for 
B{Kl -* ■k'^vv) are 15%, 12.5% and 10%, respectively]. 



3.1. SM predictions 

K TTvD The main reason for the exceptional the- 
oretical cleanness of K ^ ttvv decays is the fact that 
-within the SM~ these processes are mediated by elec- 
troweak amplitudes of 0{G^p) which exhibit a power- 
like GIM mechanism and are largely dominated by 
top-quark loops. This property implies a severe sup- 
pression of non-perturbative effects 0, IE 13 ■ By com- 
parison, it should be noted that typical loop-induced 
amplitudes relevant to meson decays are of 0{GFCts) 
(gluon penguins) or 0{GFCx.cm) (photon penguins), 
and have only a logarithmic-type GIM mechanism 
(which implies a much less severe suppression of long- 
distance effects). 

A related important virtue, is the fact that the lead- 
ing contributions to X — s- Trvv amplitudes can be de- 
scribed in terms of a single dimension-six effective op- 
erator. 



isd 



(4) 



both in the SM and in MFV models. The hadronic 
matrix elements of relevant to K ^ -evv am- 
plitudes can be extracted directly from the well- 
measured K — > 'Kev decays, including isospin breaking 
corrections [Toj . 

The dominant theoretical error in estimating the 
if+ TT^vv rate within the SM is due to the sub- 
leading, but non-negligible, charm contribution. A 
significant step forward in the reduction of this er- 
ror has recently been achieved in Ref. IJ, where the 
charm contribution to the Wilson coefficient of Qsd 
has been evaluated at the NNLO accuracy in QCD. 
Thanks to this work, the intrinsic theoretical error 



in the perturbative charm contribution turns out to 
be safely negligible: the dominant uncertainty is the 
parametric error induced by the knowledge of [TH , 
which induces a ~ ±5% error in the total rate. Re- 
cently, the error associated to non-perturbative effects 
around and below the charm scale (dimension-eight 
operators and light-quark loops) has also been quanti- 
fied and reduced .8|j : this residual uncertainty induces 
a ^ ±3% error on the rate. As shown in Ref. [T^ . 
this error could possibly be reduced in the future by 
means of appropriate lattice calculations. Putting all 
the ingredients together, taking into account the siz- 
able parametric uncertainty on the CKM matrix ele- 
ments, the present updated prediction for the charged 
channel reads: 



B{K^ 



.2 ±1.0) X 10" 



(5) 



The case of Kl ir'^vv is even cleaner from the 
theoretical point of view The CP structure of 

Qsd implies that only the CP-violating part of the 
dimension-six effective Hamiltonian -where the charm 
contribution is absolutely negligible- contributes to 
K2 TT^vv. As a result, the dominant direct-CP- 
violating component of the — > T:^vi> amplitude is 
completely saturated by the top contribution (which 
receives tiny QCD corrections). Intermediate and 
long-distance effects in this process are confined only 
to the indirect-CP-violating contribution and to 
the CP-conserving one 9], which are both extremely 
small. This allows us to write an expression for the 
Kl tt'^vv rate in terms of short-distance parame- 
ters, namely 



B{Kl TT^VV) 



SM 



4.16 X 10 



-10 



mt{m,t) 


2.30 




167 GeV 







(6) 



which has a theoretical error below 3%. 

K ire+e- The GIM mechanism of the s 
amplitude is only logarithmic. As a result, the K — > 
7r7* — > nl^l^ amplitude is completely dominated by 
long-distance dynamics and provides a large contri- 
bution to the CP-allowed transitions 7r^£^£~ 
and Ks TT°e+£-. 

The situation is very different for the very- 
suppressed Kl 7r"£+£~ modes. The decay am- 
plitudes of these processes have three main ingredi- 
ents: i) a clean direct-CP-violating component deter- 
mined by short-distance dynamics; ii) an indirect-CP- 
violating term due to K^-Ks mixing and the CP- 
allowed Ks — > 1^^^* transition; iii) a long-distance 
CP-conserving component due to two-photon inter- 
mediate states. Although generated by very different 
dynamics, these three components are of comparable 
size within the SM. The precise knowledge about their 
magnitude and sign (particularly of ii and iii) has sub- 
stantially improved in the last few years 

El El 113 
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Figure 2: Dependence of various FCNC observables 
(normalized to their SM value) on the up-type trilinear 
terms (A13) and on squark masses in the general MSSM 
H Upper plot: B{K+ n^vv) (blue/dark gray), 
B{Bd — > fJT) (red/gray lower-region), AMs^ 
(green/gray upper-region) as a function of Aiz- Lower 
plot: eK (bordeaux/dark gray) and B{Kl tt^uu) (light 
blue/light gray) as a function of the lightest up- type 
squark mass. 



This improvement has been made possible by the ob- 
servation of the Ks ■K^t^l~ decays and also 
by precise experimental studies of the Ki, —> 77^77 
diphoton spectrum [l^. As a result of these new ex- 
perimental results, and the related theoretical analy- 
ses m Ref. EE 113, we finally have a good control 
on all the components of Kl Tr^£~^£~ amplitudes 
(see Table ID . 

In both cases the short-distance component repre- 
sent a sizable fraction of the branching ratios. More- 
over, electron and muon modes have different sensitiv- 
ity to short-distance dynamics (with different relative 
weights of vector- and axial-current contributions al- 
ready within the SM). This provides a very powerful 
tool to distinguish among different new-physics sce- 
narios [11 



3.2. Rare K decays beyond the SM 

As already mentioned, the short distance nature 
of the s — > dvD transition implies a strong sensitiv- 
ity oi K ^ TTi/D decays to possible SM extensions 
|2]| . Observable deviations from the SM predictions 
are expected in many specific frameworks. In partic- 
ular, large effects are expected in models with non- 
MFV structures, such as scenarios with enhanced Z- 
penguins 1221 . the MSSM with non-MFV soft-breaking 
terms p n2ll25l | or with i?-parity violation The 
effects are much smaller in models which respect the 
MFV criterion, such as the low-energy supersymmet- 
ric scenarios analysed in Ref. [23 . EtI ]. or the little- 
Higgs and large-extra-dimension models discussed in 
Ref. [2^ and Ref. |2^ . Present experimental data do 
not allow yet to fully explore the high-discovery poten- 
tial of these modes. Nonetheless, it is worth to stress 
that the evidence of the — > ir^iyi? transition ob- 
tained at BNL 30] already provides highly non-trivial 
constraints on the realistic scenarios with large new 
sources of flavour mixing. 

As illustrated in Fig. within the pessimistic 
framework of MFV the possible deviations from the 
SM in K TTvv are highly correlated to the spec- 
trum of the new degrees of freedom. For this rea- 
son, even within MFV models precise measurements 
of these modes would be very valuable (allowing for 
very stringent tests of the theory). In presence of non- 
MFV structures, the two K — > nvv modes are usually 
the most sensitive probes of new sources of flavor sym- 
metry breaking which also violates the SU{2)l gauge 
symmetry (such as the up-type trilinear terms in the 
MSSM, see Fig.l^J. Within these general frameworks, 
significant new information can also be extracted from 
the Kl n°i+i' modes 

In summary, it is fair to say that the four rare K 
decay modes in Tabled and particularly the two neu- 
trino modes, are a mandatory ingredient for a deeper 
and model-independent study of the flavor problem in 
the quark sector. 



4. Minimal Lepton Flavor Violation 

Since the observed neutrino mass parameters are 
not described by the SM Yukawa interaction in 
Eq. the formulation of a MFV hypothesis for 
the lepton sector is not straightforward. A proposal 
based on the assumption that the breaking of total 
lepton number (LN) and lepton flavor are decoupled 
in the underlying theory has recently been presented 
in Ref. , and further analysed in Ref. [13 • 

Two independent MLFV scenarios have been iden- 
tified. They are characterized by the different status 
assigned to the effective Majorana mass matrix g^, ap- 
pearing as coefficient of the |AL| = 2 dimension-five 



fpcp06-413 



Flavor Physics and CP Violation Conference, Vancouver, 2006 



5 



operator in the low energy effective theory |32 



A 



LN 



.g]^{Uf:T2H){H'^T2U^ + h.c. (7) 



In the truly minimal scenario (dubbed minimal field 
content) , and the charged-lepton Yukawa coupling 
(Ye) are assumed to be the only irreducible sources 
of breaking of SU{3)ll x SU{3)Ef, , the lepton-flavor 
symmetry of the low-energy theory. This strong as- 
sumption does not hold in many realistic underlying 
theories with heavy right-handed neutrinos. For this 
reason, a second scenario (dubbed extended field con- 
tent) , with heavy right-handed neutrinos and a larger 
lepton-flavor symmetry group, SU{3)ll x SU{3)er x 



0(3). 



has also been considered. In this extended 



scenario, the most natural and economical choice 
about the symmetry-breaking terms is the identifi- 
cation of the two Yukawa couplings, Yi, and Ye, as 
the only irreducible symmetry-breaking structures (in 
close analogy with the quark sector). In this con- 
text, 5^ ^ YJY^ and the LN-breaking mass term of 
the heavy right-handed neutrinos is flavor-blind (up 
to Yukawa- induced corrections): 



-'heavy 



1 



h.c. 



iYJ^Pi,(iJ^r2Li) 



f h.c. (8) 



The basic assumptions of these scenarios are more 
arbitrary are less phenomenologically-driven than in 
the quark sector. Nonetheless, the formulation of an 
EFT based on these assumptions is still very useful. 
As I will briefly illustrate in the next section, it al- 
lows us to address in a very general way the following 
fundamental question: how can we detect the pres- 
ence of new irreducible (fundamental) sources of LF 
symmetry breaking? 



5. LF violation: vs r decays 

Using the MLFV-EFT approach, one can easily 
demonstrate that -in absence of new sources of LF 
violation- visible FCNC decays of /i and r can oc- 
cur only if there is a large hierarchy between A (the 
scale of new degrees of freedoms carrying LF) and 
Aln ~ Ml, (the scale of total LN violation) Q. This 
condition is indeed realized within the explicit ex- 
tensions of the SM widely discussed in the literature 
which predict sizable LF violating effects in charged 
leptons (see e.g. Ref. [s^'l. 

More interestingly, the EFT allows us to draw un- 
ambiguous predictions about the relative size of LF 
violating decays of charged leptons (in terms of neu- 
trino masses and mixing angles). At present, the un- 
certainty in the predictions for such ratios is limited 
from the poorly constrained value of the 1-3 mix- 
ing angle in the neutrino mass matrix (sia) and, to 
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10" 



10" 



10" 




Figure 3: Br^^-f = r(r — > fiy)/T{T — > fivv) compared 
to the ^ ^ 67 constraint within MLFV (minimal field 
content), as a function of the neutrino mixing angle sis 
1^. The shading corresponds to difi'erent values of the 
phase 5 and the normal/inverted spectrum. The NP 
scales have been set to Aln /A = 10^"; their variation 
affects only the overall vertical scale. 
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Figure 4: Isolevel curves for B{fi — > ey) and B(r — » jj,^) 
in the MSSM (for tan /? = 10, /x > and Aq = 0) 
compared with the present and future experimental 
resolution on B{ii — > 67) |3^. 



a lesser extent, from the neutrino spectrum ordering 
and the CP violating phase 6. One of the clearest con- 
sequences from the phenomenological point of view is 
the observation that if S13 > 0.1 there is no hope to 
observe r ^ /i7 at future accelerators (see Fig. O. 
This happens because the stringent constraints from 
^ ^ ej already forbid too low values for the effective 
scale of LF violation. In other words, in absence of 
new sources of LF violation the most sensitive FCNC 
probe in the lepton sector is /z — > ej. This process 
should indeed be observed at MEG |3J| for very real- 
istic values of the new-physics scales A and Aln- 

The expectation of a higher NP sensitivity of /i ^ 
/i7 with respect to r — > fij (taking into account the 
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corresponding experimental resolutions) is confirmed 
in several realistic NP frameworks. This happens for 
instance in the MSSM (see Fig.^ with the exception 
of specific corners of the parameter space ,36j. 



6. LF universality tests in Ki,2 and tii2 

An alternative phenomcnological tool to search for 
new sources of LF violation is provided by precise LF 
universality tests in charged-current meson decays. In 
particular, the ratios 



M/e _ B{P ^ nv) 



B{P 



ev) 



(9) 



can be predicted with excellent accuracies in the SM, 
both for P = TT (02% accuracy [13) and P = X 
(0.04% accuracy |^), allowing for some of the most 
significant tests of LF universality. 

Within MLFV models, it is easy to realise that 
these ratios cannot be modified at appreciable lev- 
els: the presence of the charged-lepton Yukawa cou- 
pling (Ye) in the operators involving the right-handed 
lepton fields makes their contribution safely negligi- 
ble. However, as recently pointed out in Ref. [3q|. 
this suppression can be avoid in realistic non-MFV 
scenarios which can occur in specific supersymmetric 
frameworks. 

The key ingredients which allows visible non-SM 
contributions in within the MSSM are: 

i) large values of tan (3 (the ratio of the two Higgs 
vacuum expectation values), such that the over- 
all normalization of Ye -and correspondingly 
the _ff*-exchange contribution to P ^ Iv- is 
enhanced; 

ii) large mixing angles in the right-slepton sector, 
such that the P — ^ tiVj rate (with i ^ j) be- 
comes non negligible. 

In the most favorable scenarios, the deviations from 
the SM could reach ~ 1% in the R^'^ case (not 
far from the present experimental resolution [33) and 
~ few X 10"'' in the P^^^'^ case. In the pion case the 
eff'ect is quite below the present experimental resolu- 
tion ^3 ^ but could well be within the reach of the new 
generation of high-precision 7r^2 experiments planned 
at TRIUMPH and at PSI. 

In principle, larger violations of LF universality are 
expected va. B ^ tv decays, with 0(10%) deviations 



from the SM in R 



enhancements in R 



e/r 



and even order-of-magnitude 
[4l|. However, the difficulty 



of precision measurements of the highly suppressed 
B e/ ^ v modes makes these non-standard effects 
undetectable (at least at present). 

Similarly to the FCNC decays discussed in the pre- 
vious sections, also for the LF universality tests the 
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low-energy systems {Ki2 and 77^2) offer a unique op- 
portunity in shedding light on physics beyond the 
Standard Model: the smallness of NP effects is more 
than compensated (in terms of NP sensitivity) by the 
excellent experimental resolution and the good theo- 
retical control. 
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